The decay rate of the potential to synthesize proteins after inhibition of transcription with rifampicin (Rif) was analysed at Merent times of energy and nutrient starvation for the marine Vibrio sp. S14. The decline of protein synthesis following Rif treatment is due to the instability of mRNA and permits an estimate of the functional mRNA half-life. The half-life of the mRNA pool was found to increase 6-fold (from 1.7 to 10.3 min) during a period of 24 h of total energy and nutrient starvation. To resolve whether the increase in the mean mRNA half-life was a result of the stabilization of the entire pool or if proteins expressed during starvation were translated from very stable mRNAs, the half-lives of specific mRNAs were measured. It was found that the half-lives of mRNAs common to both growing and starving cells were increased between 2-and 3-fold during a period of 24 h starvation, and that some starvation-specific proteins were encoded by extremely long-lived mRNAs (up to 70 min). The possible role of stabilization of mRNA as a mechanism to economize protein synthesis during starvation conditions is discussed
Introduction
In the marine environment, growth of some heterotrophic bacteria may often be limited by energy and nutrient availability (Morita, 1988) . The long-term viability (in years) of marine heterotrophic bacteria subjected to starvation conditions has been demonstrated in laboratory microcosms (Morita, 1985 ; Kurath & Morita, 1983) : for example, the marine Vibrio S14 remains 100% viable (determined as c.f.u.) for 2 weeks in conditions of total energy and nutrient starvation (Albertson et al., 1990 b; accompanying paper) . Despite the absence of exogenous substrates, incorporation studies have shown that the overall rate of de novo protein synthesis in Vibrio S14 continues for extended periods and is easily measurable after 96 h of starvation at 5 % of the rate at the onset of starvation (Nystrom et al. 1986) . It has also been demonstrated by pulse-labelling that many new proteins are expressed during starvation; of the 66 proteins that were found to respond to starvation conditions and were identified on two-dimensional gels, 40 continued to be synthesized after 24 h starvation .
Several studies have been undertaken to elucidate what determines the viability of organisms in starvation Abbreviation: Rif, rifampicin.
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conditions. The paramount importance of continuing protein synthesis to the survival of bacteria during adaptation to starvation conditions has been demonstrated by the severe loss in viability when cells are treated with protein synthesis inhibitors during the first hours of starvation (Reeve et al., 1984; . Considering the cost of a functioning proteinsynthesizing system (Ingraham et al., 1983) , and that the synthesis of proteins is an absolute prerequisite for survival, bacteria from nutrient-poor environments would have evolved mechanisms to economize protein synthesis efficiently in the complete absence of exogenous substrates. There are two main strategies to synthesize large amounts of protein, that is, either to synthesize a large amount of mRNA, or to synthesize mRNA that is stable enough so that many proteins may be translated from one message. The latter strategy would appear to be more efficient for organisms that are adapted to life in nutrient-limited environments.
Differential control of mRNA stability in response to environmental changes has only been demonstrated in a few cases : the growth-rate-dependence of Escherichia coli ompA mRNA (Nilsson et al., 1984) ; the control of nif mRN A in response to oxygen, ammonium and temperature in Klebsiella pneumoniae (Collins et al., 1986) , the increased level of rpoH mRNA in response to high temperatures (Erickson et al., 1987) , and the presence of long-lived mRNA during fruiting body formation in Myxococcus xanthus (Nelson & Zusman, 1983) . In the present study, the stability of the entire mRNA pool in growing and in energy-and nutrient-starved (up to 24 h) cells of the marine Vibrio S14 was measured. To resolve whether the stabilization of the pool was due to the presence of very long-lived starvation-specific mRNA species, or to an increase in the half-life of all the messages found in the cells, the half-lives of mRNAs corresponding to specific proteins common to both conditions, and specific for starvation conditions were measured.
Methods
Cultivation and starvation conditions. The marine Vibrio S14 (CCUG 15956) used in this study has been described previously (Albertson et al., 1990a; MArdCn et al., 1987) . S14 was grown on a complex marine medium (VNSS) to the exponential phase, washed, and resuspended in a nine salt solution (NSS) to 5 x lo7 cells ml-l as described previously, i.e. cells were starved for carbon, nitrogen and phosphorus sources (Nystrom et al., 1986) . Cells were recovered from starvation by adding concentrated glucose minimal medium directly to the starvation flask to give the following final concentrations per litre of starvation suspension: 4.0 g glucose, 2-2 g (NH4)2S04, 0.5 g K2HP04.
Determination ofpool mRNA half-life. The half-life was determined as the decay rate of the potential to synthesize proteins after complete inhibition of the initiation of transcription by RNA polymerase by use of the antibiotic rifampicin (Rif). These experiments are meaningful only if the concentration of Rif used (500 pg ml-l) inhibits the rate of RNA synthesis with the same kinetics at each sample time. Control experiments were done to ensure this by measuring the residual RNA synthesis after the addition of Rif by pulse-labelling (10 s) with [3H]uridine and measuring the amount of radioactivity precipitable in ice-cold 5 % (w/v) trichloroacetic acid (TCA). To measure the half-life of the mRNA pool, subcultures were pulse-labelled for 2min with [3H]leucine at 0, 2, 4, 6, 8 and 10min after the addition of Rif. Incorporation was determined by measuring the TCA-precipitable radioactivity. These experiments were done at least twice to confirm reproducibility, and representative results are presented in the Figures.
Determination of spec@-mRNA half-lives. These experiments were done similarly to those described by Pedersen et al. (1978) except that one-dimensional Coomassie-blue-stained gels were used. Briefly, subcultures at 0 and 24 h of starvation were pulse-labelled with [3H]leucine for 2 min at 0, 2-5, 5, 7-5 and 10 min after the addition of Rif. The pulse was terminated by adding 100-fold excess of nonradioactive leucine, and the cells were subsequently chilled on ice, centrifuged, and boiled for 3 min in a lysis buffer (Albertson et al., 1987) . A reference culture was labelled with [ "T]leucine during exponential growth for several generations (the starvation reference culture was also labelled between 20-24 h starvation), centrifuged, and boiled for 3 min in a lysis buffer. The 3H-and l4C-labe1led cell extracts were mixed and electrophoresed on 12-20% (w/v, acrylamide) gradient SDS-PAGE gels and stained with Coomassie blue as described previously (Albertson et al., 1987) . The relative synthesis rates of specific protein species in the presence of Rif was determined by measuring the 3H/'4C ratio in a particular band. This ratio was divided by the 3H/14C ratio of the extract, resulting in the relative synthesis rate of a particular protein in comparison to the overall rate of protein synthesis. The rate of protein synthesis before the addition of Rif was determined by pulse-labelling with [3H]leucine, and was used for normalization. The absolute rate of synthesis of a specific protein was determined by multiplying the relative synthesis rate of that protein by the rate of total protein synthesis at that given time according to Pedersen et al. (1978) .
Determinution of relative amounts of starvation-induced proteins.
Samples from 0,2,5,24 and 120 h starvation were lysed and separated by one-dimensional electrophoresis and stained with Coomassie blue as described previously (Albertson et al., 1987) . The gels were analysed by densitometry as described by Nystrom et al. (1988) , and the relative amounts of the three starvation-induced proteins included in this study were expressed as a percentage of the total protein loaded on the gel.
Results and Discussion
Results from the control experiments showing that Rif was equally as effective in inhibiting the initiation of RNA synthesis during growth and during the starvation period studied are shown in Fig. 1 . The kinetics of the inhibition of [3H]uridine incorporation were similar to those found previously in E. coZi (Pato & von Meyenburg, 1970) . Since it has been shown that starved Vibrio S14 cells are more resistant to the effects of ampicillin than cells that are not starved , this control is especially important in these experiments.
The increase in the mean mRNA half-life between 0 and 24 h starvation is shown in Fig. 2 . Since Rif inhibits the initiation of transcription by RNA polymerase, the changes in incorporation of [3H]leucine reflect the decay of mRNA that was synthesized prior to Rif addition. The increase in the mean mRNA half-life during starvation could be due either to a global stabilization of the mRNA pool (for example by decreased RNAase activity) or to the contribution of the mRNAs coding for starvationinduced proteins that could be very long-lived. To discriminate between these alternatives, we determined the functional half-lives of mRNAs coding for proteins found in both growing and starving cells, and also the half-lives of some mRNAs encoding starvation-induced proteins identified on one-dimensional gels. As can be seen in Table 1 , there appears to be a global effect on mRNA stabilization during starvation since the halflives of mRNAs encoding proteins common to growth and starvation conditions increased 2-3-fold. When the functional mRN A half-lives of the starvation-induced proteins were examined, it was found that two of three such proteins were encoded by very long-lived mRNAs ( Table 2 ). The relative abundance of these proteins is between 0.2 and 0.4% after 2 h starvation and the amount remained high or increased during a starvation period of 120 h (Fig. 3) . The results presented in Tables 1  and 2 suggest that both of the two proposed explanations for an increase in the mean mRNA half-life, involving global and specific effects on transcript stability, may be involved in the starvation-induced increase in the mean mRNA half-life (Fig. 2) . Fig. 2 . Residual protein synthesis after inhibition of transcription with Rif at different times of starvation. At time zero, Rif (500 pg m1-I) was added, and at the indicated times samples were taken and the incorporation of [jH]leucine was measured. Rates are given relative to that at zero time; note that the scale is logarithmic.
Several models for the mechanisms of mRN A stability have been proposed (reviewed in Belasco & Higgins, 1988) . The stability of a given message depends upon its secondary structure and therefore its primary sequence. These characteristics will determine the susceptibility of a message to digestion by a combination of endonucleases and 3'-exonucleases. The initiation of cleavage by endonucleases is not well understood; however, it has been shown that there is some site specificity involved since the stability of a specific mRNA is not proportional simply to its length (Gorski et al., 1985; Belasco et al., 1986; Petersen, 1987; Belasco & Chen, 1988) , and recently, the growth-rate-dependent stability of ompA mRNA was found to be regulated by site-specific endonucleolytic cleavages in the 5'-non-coding region (Melefors & von Gabain, 1988) . In contrast, the structures giving resistance to 3'-exonuclease attack are better understood. For several mRNAs, the removal of protective 3'-stem-loop structures has resulted in mRNAs whose sensitivity to digestion is greatly increased (cf. Belasco & Higgins, 1988) .
The association of ribosomes with mRNA has also been claimed to have an effect on mRNA stability. For example, it has been proposed that ribosomes protect mRNA from degradation because mRNA stability increased when the elongation rate of ribosomes was slowed in response to the addition of fusidic acid (Pato et al., 1973) or halted in response to the addition of chloramphenicol (Pato et al., 1973; Schneider et al. 1978) . The possibility that starvation may induce a decreased rate of ribosome elongation, and thus a stabilization of mRNA transcripts in Vibrio S14, has not yet been determined. The overall rate of protein synthesis in Vibrio S14 after 24 h starvation is about 10% of that of cells growing exponentially in a complex medium (Nystrom et al., 1986) . However, during amino acid starvation of E. coli, the decay rate of lac mRNA is unchanged, although the global rate of protein synthesis is reduced by 95%, indicating that the mechanism for mRNA decay is the same (Kennel1 & Simmons, 1972) . Recent results indicate that the role of ribosomes in determining mRNA stability may not be so important since the most stable portion of the ompA transcript lies mainly in the 5'-non-coding region, which is never covered by ribosomes (von Gabain et al., 1983). We have also been interested in characterizing the recovery of Vibrio S 14 from starvation conditions. When glucose minimal medium is added to cells starved for 24 h, the relative rate of protein synthesis increases 5-fold within minutes (Albertson et al., 1990b; accompanying paper). The effect of recovery conditions on the mean mRNA half-life was determined (Fig. 4) . It was found that the stability of the mRNA pool is very sensitive to nutrient availability since the mean half-life decreased rapidly.
In conclusion, mRNA stability may be a factor contributing to the survival of micro-organisms in nutrient-limited environments. As discussed by Zusman et al. (1986) with respect to fruiting body formation in Myxococcus xanthus, prokaryotes that often experience long periods of nutrient deprivation may forego the advantage of short-lived mRNA and the ability to quickly adapt to changing environmental conditions in favour of longer-lived mRNA in order to conserve energy. The stability of mRNA in Vibrio S14 may be finely tuned with respect to energy and nutrient availability. This may aid the survival capacity of this organism in the marine environment by lowering the cost of the continuing protein synthesis that is central to the viability of this organism during starvation.
